Introduction
According to Lage et al., "Inverting the classroom means that events that have traditionally taken place inside the classroom now take place outside the classroom and vice versa" 1 . The word flipped sometimes is also used for a classroom environment like this. A flipped (or inverted) classroom is getting a lot of attention in the engineering education world recently. Many authors have completely or partially flipped a course and many of them discussed the specific techniques used and/or the impact of this instruction mode, for example, Talbert discussed MATLAB taught in an inverted classroom format 2 ; Gannod et al. talked about teaching software engineering using inverted classroom and podcasting [3] [4] ; Toto et al., flipped the work design in an industrial engineering course 5 ; Zappe et al., implemented a flipped classroom model for active learning in an architectural engineering course 6 ; Demetry discussed team-based learning in a flipped introductory materials science and engineering course 7 ; Le et al., flipped an engineering dynamics class 8 ; Holdhusen talked about a flipped statics course 9 ; Lee et al., flipped a mechanics of materials course 10 ; etc., while others have partially flipped one [11] [12] [13] [14] [15] [16] . Most of these flipped classroom models were related to student-centered learning theories, such as, active learning, peer-assisted learning, cooperative learning, collaborative learning, problem-based learning, peer tutoring, etc. [17] [18] [19] [20] [21] [22] . However, in general, most of them have not followed any specific theoretical framework. This paper describes a flipped Solid Mechanics course that has been designed and taught during the Spring 2015 semester at Arizona State University, following the Interactive, Constructive, Active, and Passive (ICAP) framework by Chi et al. 23 .
According to Chi et al. 23 , engagement behaviors can be categorized into one of the four modes: passive, active, constructive, and interactive; and out of these four modes, students' learning increases when they are more engaged in course materials, from passive to active to constructive to interactive. Examples of passive learning include listening to a lecture; reading a book; and observing a video; etc. 24 . While active learning means students are actively manipulating course materials, for example, they write summaries of the text; take verbatim notes; copy solutions to example problems; pause, play, fast-forward, or rewind a tape; etc. 24 . Characteristics of constructive activities include new ideas being generated from outputs such as a concept map, a reflection report, self-generated notes, an explanation, etc. that go beyond what was presented 23 . Finally, being interactive means that students are interacting with others and each person involved needs to be constructive. Examples of interactive learning activities include, two students arguing and defending a position; two students asking and answering comprehension questions; etc. 23 . While the phrase "active learning" has been used a lot when one talks about a flipped classroom, there are different levels of "active learning" activities and a course that is designed to focus on more constructive and interactive learning activities will more likely enhance students' learning.
In the following sections, the details of the design and implementation of the flipped Solid Mechanics course based on this ICAP framework will be discussed. Examples of learning activities that focus on each of the four modes of learning will be given. Challenges of designing a course using this framework will be addressed. Students' perception of this flipped course as well as its benefits will also be discussed based on both quantitative and qualitative results. More specifically, the flipped class has been used as the experimental group and the course taught by the same instructor in a previous semester using the traditional lecture-style is used as the control group. Students' performances on exams as well as the responses from the end-of-semester course evaluation surveys are compared between the two groups and both quantitative and qualitative results will be presented and discussed.
Course Overview
The Solid Mechanics course is a sophomore level 3-credit course required for all mechanical and aerospace engineering majors at Arizona State University. The class meets twice a week, for 75min each time. It introduces the concepts of stress and strain, the stress-strain relation, and applications of force transmission and deformations in axial, torsional, and bending of bars. The core learning outcomes of this course are given in Table 1 . For each lecture, activities around all four learning modes of ICAP were then selected. In general, each lecture has 1-3 short audio lectures that students were required to view before they came to the class; notes that summarize the key points; a group reading quiz that students took in groups at the beginning of the lecture; a worksheet that students worked on during the lecture in groups. In addition to these materials, a truss bridge design project has also been developed to provide extra hands-on design experience. This article will only focus on activities that were more relevant to the flipped course and details of this hands-on design project will be skipped here and they can be found in Zhu 26 . In terms of assessment of the course learning outcomes, in addition to the group reading quizzes, a total of five homework assignments (two problems each), each covering one of the five core learning outcomes were assigned. Three in-class preliminary exams as well as a final exam were also used.
Audio Lectures
Most flipped classes use pre-recorded videos as the pre-lecture materials. For this course, Livescribe TM smartpen has been used to record audio on special notebooks that have Paper Replay TM features. This results in Pencast TM , an interactive set digital notes that allows the users to see, hear, and relive the notes exactly as they were captured. This Pencast TM , instead of videos, has been selected because of its following benefits: from a faculty's standpoint, it is a lot easier to set up and use in a regular office setting without the need of a camera and/or a microphone and no post-processing is required; and it makes following the lectures, which are heavily diagrams and equations based easier for students. Students will be able to see the entire procedure as if they were watching an instructor writing notes on the board. Below is a screenshot of a Pencast TM file being played. The entire page of notes can be seen in gray and once the audio is played, one can see how the notes were developed as the notes turn green and hear the instructor talking. At the bottom of the page, one can also manipulate the audio file by pausing, replaying, fast-forwarding, rewinding, etc. Each lecture for this course contains 1-3 audio lectures, the shortest of which is 4 min long and the longest being 15 min long. Students were required to watch these audio lectures before they came to each class. They were also highly encouraged to manipulate them (pause, replay, etc.) as they feel necessary. 1-2 examples were also recorded for each lecture, but they were released to students after the class. Watching the audio lectures can be considered a passive learning mode and manipulating them is considered active. Both activities are low-level learning activities according to the ICAP framework and thus they were moved outside of the class and class time can be used for higher-level learning activities.
Q&A
As students prepared for each lecture on their own, they were highly encouraged to post any questions they might have to the Piazza discussion board embedded in the Blackboard course site. They were also encouraged to write down the question(s) anonymously and drop the question(s) to the in-class drop box as they walk into the classroom for each class period. Questions posted to the Piazza discussion board were answered by the instructor, teaching assistants, and/or peers and ones that were common were addressed by the instructor at the beginning of each class period. Questions submitted to the in-class drop box were also answered by the instructor at the beginning of each class period. This Q&A was used to promote constructive learning. However, as students were not required to submit questions and/or answers to the questions, this activity was only applicable to some of the students, those who submitted the questions and/or answers. In future offerings of this course, this activity could be modified to requiring students to submit either question(s) that they have or a summary of the key points using their own words for each lecture, making it constructive and applicable to all students.
Student Groups
Students were assigned to groups of three or four at the beginning of the semester. They stayed in the same group throughout the entire semester for the group reading quizzes, the in-class activities, as well as the truss bridge design project. To ensure interactive learning, groups were assigned based on students' familiarity with each other as well as their GPAs for the prerequisite courses. Those who used to study together and had similar GPAs were assigned to the same group. According to Chi et al. 23 , criteria for an interactive engagement are that, "(a) both partners' utterance must be primarily constructive, and (b) a sufficient degree of turn taking must occur" 23 . Thus, if high achieving students were paired with low achieving students, it is more likely that the second criterion would be violated as it is more likely that the high achieving students would dominate the conversation for in-class activities. Thus, the way the groups were set up was meant to promote interactive learning activities in class.
Group Reading Quizzes
To hold students accountable for the pre-lecture learning, group reading quizzes (each contained two questions) were used at the beginning of the classes to test if students had viewed the audio lectures and to check students' basic understanding of the concepts. Students took the quizzes in groups at the beginning of each class period and they were allowed to discuss the questions. Group reading quizzes rather than individual quizzes were used because interactive learning mode was promoted as this allows students to actively discuss and debate the answers. When a quiz is individual based, each student will generate answers on their own and the learning mode is considered constructive, which is at a lower level compared to interactive. To ensure active participation from all members in each group and to promote the "taking turns" nature of being interactive, peer evaluations were used for each quiz, the results of which were then factored into each individual's quiz grade.
Worksheets
Rather than just having students work on homework problems during the classes, in-class practice problems were carefully selected and/or designed and in-class worksheets were developed for all the lectures. Students were required to discuss the worksheet problems in groups but the writing must be each student's own work and they were required to submit the completed worksheets individually. These worksheets were not graded for credit but students were able to earn engagement points for producing quality work. The details of the engagement points will be discussed in the following section.
In some of the flipped classroom models, part of the lecture time was still used for reviewing and/or examples explanation, i.e., the instructor would still use some of the lecture time "lecturing", for example, Holdhusen spent time working out two examples in class and gave students the rest of the time to work on two other similar problems 9 . In such cases, students have seen worked out examples on the topic before they practiced working on problems on their own. In our flipped classroom model, most of the lecture time was dedicated to constructive and interactive learning activities, i.e., minimum amount of "lecturing" was present. A maximum of 5 minutes was spent by the instructor each class to address the questions submitted to the in-class drop box and/or to the Piazza discussion board. In addition, no examples were shown to students before the classes and students were thus forced to engage in active discussions when they worked on the worksheet problems, fostering interactive learning. When students had seen a similar problem being worked out, they may just follow the procedure, without thinking deeply about the "how" and the "why", and they may be less motivated to come to the classes and to discuss the problems with their peers. To further motivate discussions during the classes, these worksheets were not made available to students before the classes so that the problems were "new" to students and they were expected to struggle with (some of) them to a certain extent.
Each worksheet consists of four problems, with increasing levels of difficulty. The first problem is usually more basic and sometimes more conceptual. An example of this type of problem is given below. The second problem is usually a traditional textbook homework type of problem. The first two problems are included to help students better understand the basic concepts and to be able to apply them at a comprehension level.
The third one is more involved: some of them require additional thinking and are more difficult, while others involve everyday examples and/or hands-on aspects. Below are examples of the third problems on the worksheets: The fourth problem is usually more challenging. Some of the fourth problems involve concepts that are related to the lecture topic but were not introduced at the time the problem was given, while others require synthesis of information. Below are some examples: According to Table 1 , all of the core learning outcomes for this course are at either knowledge or comprehension level. This means that students are only required and expected to be able to recall some information and/or work on problems that are similar to the textbook problems. Thus, problems like the first two problems on each worksheet should have been sufficient to prepare students to meet these learning outcomes. However, the third and the fourth problems on the worksheets were chosen to be included due to the following reasons. For one, there were high achieving groups, i.e., groups of students who had higher GPAs in the prerequisite courses.
Ex: For the following beam problem, (a) determine the support reactions; (b) draw the shear and bending moment diagrams; (c) determine the absolute maximum bending stress. The beam cross section consists of two w8x31 welded together (one on top of the other
Problems like the first two may not be able to keep these students engaged during the classes. For another, everyday examples and hands-on learning have been proven to have many benefits to students learning. For example, everyday examples in engineering are effective among all groups of students; they are relevant and familiar to students and thus increase student engagement and retention of engineering students; they highlight simple and complex ways that engineers help society 27-32 . Last but not least, to help students explore what they are capable of and feel more fulfilled, the instructor believes that students should be challenged.
Undergraduate Teaching Assistants and Incentives
For this class of 91 students, four undergraduate teaching assistants (UGTAs) who have taken the course before were utilized for in-class activities. Weekly meetings were held to prepare the UGTAs for the classes. They were given detailed solutions to the worksheet problems and were given instructions and guidance on how to ask the right questions to promote critical thinking; how to answer students' questions without giving the answers; and how to interact with students during the classes. During the classes, the instructor as well as all four UGTAs were present (approximately 1 to 18 teaching staff to student ratio or 1 to 5 teaching staff to student group ratio). The instructor talked to each and every one of the students during each class period and the UGTAs were also required to interact with as many students as possible. Through these interactions, constructive and interactive learning was facilitated. For example, when a student asked a question, a teaching staff would ask another question to help the students generate something new on his/her own, making the learning constructive; or the teaching staff would throw a question or questions at his peers in the group to foster discussions, making the learning interactive.
Tor further motivate students to interact with the teaching staff and to actively engage in class activities, an incentive based system was implemented. Each student was able to earn engagement points for attending a lecture and participated; for interacting with a teaching staff during a lecture; and for doing quality work with the worksheets. Engagement cards, each worth two points, were handed to students who have earned the points, and collected at the end of each class after students wrote their names on the cards. Total points that each student has earned, as well as the class maximum & mean to date were released to students at the end of each week. The total number of engagement points that a student may earn was unlimited. At the end of the semester, all points were normalized to factors very close to 1: a factor that is greater than 1 was assigned to a student who has earned more points than the class mean; on the other hand, if the points were lower than the class mean, the student had a factor smaller than 1. These factors were used to adjust students' final course grades. For example, for someone who has earned an 89% at the end of the semester and a factor of 1.02, the final course grade was calculated as 89% times 1.02 (which equals 90.78%), resulting in an A instead of a B in the course for the student.
Challenges
Designing and implementing a flipped class with higher level learning activities is very challenging. First of all, it has been a time consuming task. An overall structure had to be chosen first which would support the maximum amount of constructive and interactive learning. The instructor then spent about 2 days on average to prepare materials for each lecture. This includes recording the audio lectures and examples, developing notes, developing the group quizzes and solutions, designing and selecting problems for the worksheets and coming up with solutions as well as guided questions for UGTAs, etc. Another challenge was selecting or designing appropriate third and fourth problems for the worksheets. Finding everyday examples as well as hands-on learning opportunities for each topic was not easy. Logistically, it was very difficult to find a room which supports interactive learning for such a large class. The class was scheduled in a large lecture hall with staircase. It has proven to be very difficult for students to work together in groups and for the teaching staff to walk around when interacting with students. In addition, more effort was required for the instructor to manage the teaching team. In addition to the four UGTAs, a grader was utilized to help grade the homework assignments and the group quizzes, check all the worksheets, total and keep track of the engagement points, etc. Since they were all undergraduate students, providing the guidance for them to be able to facilitate constructive and interactive learning during the class was essential to the success of this model. Another big challenge was to "convince" the students that this model would likely benefit them more than a traditional lecture-style class. Most of them were used to traditional lecturing and thought it was the instructor's responsibility to teach (i.e., to lecture) during the lecture. Some of them thought that with this model, they were the ones doing all the work while the instructor did not do anything. The first lecture was very important for student motivation and it is suggested that a good amount of time be spent during the first lecture to introduce the model and to motivate the students.
Outcomes
Overall, this model has been very successful. The same instructor has also taught this course during Spring 2014 using the traditional lecture style. The Spring 2015 class (flipped) has been used as the experimental group and the Spring 2014 class (traditional lecture-style) is used as the control group. Students' performance on the three prelim exams from both groups are compared.
Due to the fact that a hands-on design project was also implemented during Spring 2015, the final course performance is not compared. In addition, the end-of-semester course evaluation survey results are compared for both groups. Qualitatively, students' comments about the course when the flipped classroom model was utilized are coded and analyzed. All of these results are discussed below.
The three in-class preliminary examinations covered the same topics and had the same level of difficulty for both groups. Thus, students' performance on these examinations is compared. In the figures shown below, percentages of students in each of the following grade ranges are shown and compared for both groups: A (above 90% on the exam); B (between 80% and 89.9%); C (between 70% and 79.9%); D (between 60% and 69.9%); and E (below 60%). For prelim exam I, similar distributions are found in the B, C, and D ranges for both groups, however, many more students earned an A in the experimental group. And the results are similar for prelim exam III. For prelim exam II, a greater portion of students were in the B range from the experimental group compared to that from the control group. It is interesting to note that for all three exams, a lot less students were found in the E range in the experimental group. This might indicate that this flipped classroom model has better helped low-achieving students and it helped those who would otherwise fail the class to successfully complete the class. This effect requires further investigation. One could conclude though that the flipped classroom style did not hurt students' performance. The end-of-semester course evaluation survey was administered by the university during the last two weeks of classes. Students were notified about this via email and answers were collected anonymously and voluntarily. Students were highly encouraged to complete the survey and reminders were sent via email on a daily basis by the university. There were 16 questions on the survey and answers were collected using a Likert scale of 1-5 (1-almost never/poor; 5-almost always/very good). Some of the survey questions do not give useful information about the flipped classroom model, for example, "Textbook in support of the course"; "Value of assigned homework in support of course topics"; "Reasonableness of exams and quizzes in covering course material"; "Weight given to labs or projects, relative to exams and quizzes"; etc. Only five questions from the survey are selected to gain insights of students' attitudes about this flipped classroom model and the results are presented in the figure below. The spring 2014 class (traditional lecture-style) is again considered the control group (shown in blue) and the flipped one from spring 2015 is the experimental group (shown in orange). The response rate of the control group was 35.37% (n=29) and that of the experimental group was 54.65% (n=47). Figure 13 . End-of-semester course evaluation survey results
Significant difference has been found for the following two survey questions between the two groups: "The instructor's approach stimulated student thinking" and "Overall quality of the course and instruction" (p<0.05). And for both questions, the experimental group showed much higher mean scores. Based on the results, it is found that even though some students from the flipped class expressed negative feelings at the beginning of the semester and thought that the instructor did not do much (due to not lecturing), in the end, most students felt that the instructor was well prepared. Both groups did not think very differently about the teaching method. They both thought that the approach, either the traditional lecture-style or the flipped style, has supported student learning. However, the flipped method was a clear winner in helping stimulate student thinking. For the traditional approach, students were only challenged outside of the class when they worked on the homework assignments. Using the flipped model, on the other hand, students were forced to think about the concepts, how they were applied in different scenarios, etc. during each and every class period throughout the semester. Students in the flipped class also felt more positively about the course and instruction in the end as they rated the overall quality of the course and instruction higher compared to the traditional lecture-style group. It is also interesting to note that more students in the flipped class group were motivated to complete the survey even though no incentives were given for participation. One of the survey questions asked students to report the average number of hours spent studying for this course per week. Choices for this question given were: 1, 2, 4, 8, 16 hours. The figure below compares the results for this question between both groups. It can be seen that on average, students in the flipped class spent less amount of time studying for this course. 27.59% of students spent more than 8 hours on average each week on this course in the traditional lecturestyle class while the number was only 14.89% for the flipped class. On the other hand, 36.17% of students in the flipped class spent less than 4 hours per week, while the number was only 10.34% for the traditional lecture-style class. This may be due to the fact that more learning was going on during the classes and students were able to study more efficiently using the flipped classroom style. Figure 14 . Average hours spent per week by students studying for this course
The qualitative results to follow represent students' free responses in the comments section of the end-of-semester course evaluation survey for the flipped class. All the comments have been coded and grouped into different themes. Based on the comments, again, it can be seen that overall students felt very positively about this instruction method. They thought that the flipped classroom structure helped support student learning in many ways. For example, 59.57% of those who completed the survey from the flipped class mentioned that the flipped class model was very effective. 17.02% commented that this instruction method made learning easier for students and helped them gain a deeper understanding of the course materials. Some also mentioned other benefits of this method, including being able to receive support from both instructors/TAs and peers immediately when needed and being able to learn at one's own pace. Table 3 shows some examples of students' comments in each of the different theme areas. 
Conclusion
A flipped classroom model was designed based on the Interactive, Constructive, Active, and Passive (ICAP) framework. The course structure as well as various class activities were designed to promote higher level learning, i.e., constructive, and interactive learning. The model was implemented in the Solid Mechanics course taught during Spring 2015 semester. Both quantitative and qualitative results show that it worked well and has benefited students in many ways, including stimulating students thinking, enabling deeper understanding of the class material, increased interaction with instructor, being able to learn at one's own pace, less time spent outside of class learning the materials, etc.
